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Resonant inelastic light scattering experiments access the low lying excitations of electron liquids 
in the fractional quantum Hall regime in the range 2/5 > v > 1/3. Modes associated with changes 
in the charge and spin degrees of freedom are measured. Spectra of spin reversed excitations at 
filling factor v > 1/3 and at v < 2/5 identify a structure of lowest spin-split Landau levels of 
composite fermions that is similar to that of electrons. Observations of spin wave excitations enable 
determinations of energies required to reverse spin. Lhe spin reversal energies obtained from the 
spectra illustrate the significant residual interactions of composite fermions. At v — 1/3 energies 
of spin reversal modes are larger but relatively close to spin conserving excitations that are linked 
to activated transport. Predictions of composite fermion theory are in good quantitative agreement 
with experimental results. 

PACS numbers: 73.20.Mf ,73.43.Lp, 73.43.Nq 



The fractional quantum Hall effect (FQHE) is an elec- 
tron condensation phenomenon that occurs at low tem- 
peratures when two-dimensional electron systems of very 
low disorder are exposed to high magnetic fields. The 
FQH states are archetypes of quantum fluids that emerge 
in low dimensional electron systems due to the impact 
of fundamental interactions. In the FQHE the 2D elec- 
tron system becomes incompressible at certain values of 
the Landau level filling factor v — nhc/eB, where n is 
the electron density and B is the perpendicular magnetic 
field. In the filling factor range 1 > v > 1/3 the major 
sequence of the FQHE occurs at 'magic' filling factors 
v = p/(2p ± 1), where p is an integer. The compos- 
ite fermion (CF) framework interprets the sequence by 
attaching two vortices of the many body wavefunction 
to each electron |l|, |2|. Chern-Simons gauge fields in- 
corporate electron interactions so that CF's experience 
effective magnetic fields B* = B — B 1/2 = ±B/(2p± 1), 
where Bi/ 2 is the perpendicular magnetic field at v = 1/2 
0,0,0- Composite fermion quasiparticles have spin-split 
energy levels characteristic of charged fermions with spin 
1/2 moving in the effective magnetic field B* . The levels 
resemble spin-split Landau levels of electrons. The num- 
ber p thus becomes the CF Landau level filling factor 
and in FQHE states at v — p/(2p ± 1) there are p fully 
occupied levels of composite fermions. 

Structures of spin-split CF levels are shown schemat- 
ically in Fig. ^for v > 1/3 and v < 2/5. The spacing 
between sequential CF levels with same spin is repre- 
sented as a cyclotron frequency 0, IE El El EJ [H| , 
oj c = eB* /cmcF, where mcF is a CF effective mass. Fig- 
ure n also presents the transitions of composite fermions 
near filling factors 1/3 and 2/5. The charge mode (CM) 
transitions are spin-conserving. The spin wave (SW) and 
spin flip (SF) transitions involve a spin-reversal. The CM 



transition energies, however, could be different from CF 
level spacings. The difference is due to the changes in 
self-interaction energies that may occur when quasipar- 
ticles and quasiholes are created |9j. 

Neutral pair excitations of quasiparticles above FQHE 
ground states are constructed from transitions such as 
those shown in Fig. ^ The excitations are described as 
modes that have characteristic energy vs. wave vector 
dispersions oj{q) 0,0,0]- The separation between the 
neutral quasiparticle-quasihole pairs is x a = ql 2 , where 
l = {he/ eB) 1 / 2 is the magnetic length. The Coulomb en- 
ergy E c = e 2 /el Q , where e is the dielectric constant of the 
host semiconductor (e = 12.6 in GaAs) defines the energy 
scale for the excitations. Salient features of the disper- 
sions are at critical points. The critical points occur at 
q — * 0, at the q — > oo limit and at roton minima at finite 
wavevector. These roton minima, known as magnetoro- 
tons, are due to excitonic binding interactions in neutral 
quasiparticle-quasihole pairs with q ~ l/l - The mode at 
large wavevector (q — > oo) represents a non-interacting 
quasiparticle-quasihole pair at large separation 0. 

Composite fermion quasiparticles are expected to ex- 
perience interactions that are much weaker than those 
among electrons. This occurs because Chern-Simons 
gauge fields linked to vortex attachment in forming CF 
quasiparticles incorporate significant Coulomb interac- 
tions. The energy differences between critical points, 
such as that between the magnetoroton and the large 
wave vector (q — ► oo) CM excitations, being mani- 
festations of residual interactions, provide experimental 
venues to test key predictions of the composite fermion 
approach. 

The critical points of dispersions of spin and charge 
collective modes of the FQH liquid are accessed in reso- 
nant inelastic light scattering experiments [Ttj PHI llH llH 
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FIG. 1: Structure of spin-split Landau levels of CFs that interpret the low lying excitations observed in this work, (a) v > 1/3. 
(b) z/ < 2/5. Landau levels are labelled by quantum numbers and arrows that indicate orientation of spin. The lowest SF, 
SW and CM transitions are depicted. Composite fermions are shown as small circles with two arrows that represent the two 
vortices attached to each electron. 



[2£j, El- Results at v = 1/3 have determined the energies 
of rotons at q ~ l/l , an d of large wave vector (q — > 00) 
excitations of the spin conserving CM transitions [22| . 
The observed energy splitting between rotons at An and 
q — > 00 modes at Aoo, by light scattering measurements, 
is direct evidence of the strength of residual CF inter- 
actions. CF evaluations of dispersions of quasiparticlc 
excitations are in good q uantitative agreement with light 
scattering results [23, ■ 

In more recent light scattering experiments quasiparti- 
cle excitations in the spin and charge degrees of freedom 
have been observed in the full range 2/5 > v > 1/3 
pil |25| . The measured excitations are interpreted with 
transitions CM, SW and SF. The results suggest that CF 
quasiparticles have the well defined structure of spin-split 
CF Landau levels shown in Fig^ The dependence of 
the measured mode energies on filling factor in the range 
2/5 > v > 1/3 indicate significant residual interactions 
among the quasiparticles. 

We report here inelastic light scattering studies of 
spin excitations of the electron liquid at filling factors 
1/3 < v < 2/5. Two distinct types of spin modes are 
considered: spin waves and spin flip excitations based on 
the correspondingly labelled transitions shown in Fig^ 
In spin waves there is only spin reversal, while in spin 
flip modes spin and CF Landau level quantum number 
change simultaneously. 

The light scattering measurements of spin excitations 
yield direct determinations of spin-reversal energies of 
quasiparticles of the FQH liquids. The results reveal 
large spin reversal energies that are due to residual quasi- 
particle interactions [2a. I2H I2H. 12^. l3fj| . In conjunction 
with determinations of CM transitions the light scatter- 
ing measurements of spin excitations represent unique 
experimental tests of composite fermion theory. These 
large residual CF interactions are possibly linked to those 
that manifest in condensation of composite fermions into 
higher order liquid states [3ll I32L l33| . 

At filling factor 1/3 we identify the large wavevector 



limit (q — > 00) of the spin wave energy E* z at 

E* z = E z + E^ (1) 

where E^ represents the spin reversal ener gy due to in- 
teractions among quasiparticles [2(| [23, 0, [2^, [30] . The 
bare Zeeman energy is Ez = g^sBx, where Bt is the to- 
tal magnetic field, /zb is the Bohr magneton and g ~ 0.44 
is the absolute value of the Lande factor of GaAs. A peak 
at Ez that occurs in the light scattering spectra is inter- 
preted as the q — » limit of the SW mode (Larmor's 
theorem) 0. The light scattering observations of SW 
modes at large wave vector {q — > 00) at E* z reported here 
allow the direct determination of E^K 

A determination of E^ was reported in Ref. [24[ 
from the energy of |1 | >— * |0 l> transitions that oc- 
cur when the second CF Landau level begins to populate 
at v > 1/3. In Ref. !24] the simultaneous measurements 
of Ez, the CM collective mode at Aoo and the newly dis- 
covered SF mode enabled a preliminary determination of 
the many-body spin reversal energy. Both A M and E^ 
are linear in the Coulomb energy E c . The value of E^ = 
0.054i? c has been reported. The alternate determination 
of E^ from large wave vector (q — ► 00) SW modes re- 
ported here is in excellent agreement with the previous 
result. 

In the present study we find that Aoo is smaller but 
close to the determined value of E* z . A^, the energy of 
a widely separated spin conserving quasiparticle quasi- 
hole pair, is linked to the activation energy that deter- 
mines the temperature dependence of longitudinal mag- 
netotransport. The result showing that Aoo and E* z have 
similar energy implies that spin excitations could play a 
role in temperature activated processes and explain some 
of the discrepancies between experimental and calculated 
activation energies [71 130|. 

In the composite fermion framework the interplay be- 
tween spin reversal energies and level spacings dictates 
the spin polarization of the liquid states. In this compe- 
tition between the two energies the small Zeeman energy 
can play a pivotal role. For example, states such as 2/5, 
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FIG. 2: Schematic description of light scattering experiments at millikelvin temperatures. The top inset depicts quantum 
layers and the bottom of conduction. The lower inset shows the backscattering arrangement for the sample and the orientation 
of the magnetic field. 



with two CF Landau levels fully populated (as seen in 
Fig. flj, are spin-polarized because at relatively large 
fields Ez is larger than the difference between the level 
spacing and the spin reversal energy due to interactions. 
The interaction term of the spin reversal energy, E^, de- 
pends on the spin polarization of the FQH states. Light 
scattering determinations of spin reversal energies could 
offer venues to probe spin polarizations of states with 
^ > 1/3. 

The resonant inelastic light scattering experiments are 
carried out with photon energies that overlap funda- 
mental optical transitions of the semiconductor quan- 
tum structure that hosts the 2D system. Conservation of 
energy in the inelastic scattering processes is expressed 
as u)(q) — ±(u>l — <*>s), with ± corresponding to the 
stokes and anti-stokes processes respectively. The in- 
plane inelastic scattering wavevector, k|| , is such that 
k|| | = fcii = (k L — k s )shx6 ~ (2wj,/c) sin0, where L and 
S refer to incident (laser) and scattered wavevectors of 
light and 9 is the tilt angle. The backscattering configu- 
ration shown in Fig [2 offers access to in-plane wavevec- 
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momentum for systems with translational invariance is 
equivalent to conservation of wavevector. In 2D systems 
this converts to q = k|| . Wavevector conservation breaks 
down with the loss of full translation symmetry in the 
presence of weak residual disorder that occurs even in 
systems of high perfection. In this case the light scatter- 
ing spectra will display the contributions from the critical 
points in the density of states 0, 0, |]3 HH ■ 

The high quality 2D electron system in each sample 
resides in single GaAs quantum well (SQW) of typi- 
cal width d = 330 A. We present results from samples 



with density n = 5.6 x 10 10 cm 2 and 7.6 x 10 10 cm 2 . 
The electron mobilities are very high, reaching a value 
fj, > 7 x 10 6 cm 2 /Vsec at T S 300mK. The samples 
were mounted on the cold finger of a 3 He/ 4 He dilution 
refrigerator that is inserted in the cold bore of a super- 
conducting magnet with windows for optical access (see 
Fig. 0). Cold finger temperatures are variable and as 
low as 45 mK. The resonant inelastic light spectra were 
excited with a diode laser with photon energies lol close 
to the fundamental optical gap of the GaAs SQW. The 
power density was kept below 10~ 4 W/cm 2 . The spectra 
were acquired with a double Czerny- Turner spectrometer 
operating in additive mode and a CCD camera with 15 
fj,m pixels. The combined resolution with a 30 /jm slit is 
0.016 meV. 

We measured depolarized spectra with orthogonal in- 
cident and scattered light polarizations and polarized 
spectra in which polarizations are parallel. Excitation 
modes with changes in the spin degree of freedom tend 
to be stronger in depolarized spectra, while modes in the 
charge degree of freedom tend to be stronger in polarized 
spectra. A backscattering geometry shown in the inset to 
Fig. |21 was used with an angle 9 ~ 30°. The perpendic- 
ular component of magnetic field is B = Bt cos 9, where 
Bt is the total field. 

Figure |3 displays depolarized spectra at filling factors 
v > 1/3. The spectra show the long wavelength SW at 
Ez and a weaker narrow peak, labelled SF + , that occurs 
at lower energies. The intensity of the new peak depends 
strongly on filling factor. It is absent for v = 1/3 and 
its intensity increases as the field is decreased towards 
higher filling factors, indicating that this mode is related 
to the population of the second Landau level |1 |>. On 
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FIG. 3: Depolarized inelastic light scattering spectra at filling 
factors v > 1/3. Vertical arrows show the peak assigned to 
the spin-flip mode 



this basis this mode was assigned to the SF transition 
1 |>-» |0 |> shown in Fig. [H^. 

Figure Ufa) displays spectra taken at v — 1/3. Four 
of the excitations shown in Fig. EI a) have been assigned 
in Ref. j^- SW is the long wavelength (q — > 0) spin 
wave mode at E z . The other three are CM modes: A^ 
is the magnetoroton, Ao is the q — > mode, and A^ the 
large wavevector mode. The assignments are consistent 
with the calculated dispersions of CM modes shown in 

Fig. Hamuli. 

There is a fifth mode that has not been 
previously reported. It appears at an energy of 0.83meV, 
between A and A m . It is natural to assign this mode 
to the critical point of spin wave excitations that occurs 
at large wavevectors. Its energy is indicated as E* z (see 
Eq. P). This assignment enabled us to construct the 
schematic rendition of the spin wave dispersion shown 
by the dotted line curve in FigH{b). 

The spin flip excitation labelled SF + in Fig. [3J occurs 
at v > 1/3, when there is only very low population of the 
1 f> level. The mode is represented by the SF transi- 
tions shown in Fig. ^ Its energy is approximated as [24| 

E SF = E Z + - Aoo (2) 

The value A^ = 0.059i? c was obtained from the CM 
mode at large q shown in Fig. EJa). The bare Zeeman 
energy was obtained from spectra such as those in Figs. |3| 
and 01a), where Ez is given by the position of the peaks 
labeled SW. With these determinations it was found that 
0.054£ c |3. 

The measurement of the total spin reversal energy E* z 
from the spin wave mode at q — > oo, as shown in Fig. 01 
provides a second determination of the many-body term 
of the spin reversal energy E^. From E* z = 0.83meV 
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FIG. 4: (a) Resonant inelastic light scattering spectra at 
i/=l/3. The incident photon energies are indicated in meV. 
The mode labelled SW is the q = spin wave excitation at 
E z . Ar is the CM roton and Ao is the CM mode at q = 0. 
The large wavevector limit (q — > oo) of the CM mode is at 
Aoo. E* z is the large wavevector limit (q — » oo) of the spin 
wave mode, (b) The thick line is the dispersion of the CM 
excitation (after Scarola et al. psT]). The dotted line is a 
schematic representation for the spin wave dispersion. 



and E z = 0.21meV we obtain E^ 1 =0.62 mcV= 0.053-B c , 
identical within the experimental uncertainty to the value 
of E 1 ^ obtained from measurements of E$f- This con- 
sistency between the two independently obtained values 
testifies to the significant reliability of the determinations 
of E z and E'* from light scattering spectra at v > 1/3. 

Figure shows spectra of low lying spin excitation 
modes at filling factors in the range 2/5 > v > 1/3. 
The results in panel (a) are from the sample with den- 
sity 7.6 x 10 10 cm~ 2 . The spectra in panel (b), from the 
sample with density 5.6 x 10 10 cm~ 2 , are those reported 
in Ref. [24|. Although there is considerable difference 
in density, both samples show a similar behavior. The 
figure reveals that an excitation derived from the SF to- 
ton at, v = 2/5 [lll^. the mode labelled SF", shifts to 
lower energies as the second level starts to depopulate for 
v < 2/5, and disappears for filling factors in the middle 
of the range 2/5>^>l/3. At larger magnetic fields, 
v > 1/3, a narrow peak (SF + ) appears below the SW. 
This peak, also displayed in Fig. [31 disappears as the 
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FIG. 5: Inelastic light scattering measurements at different filling factors l/3>^>2/5 for two densities (a) 7.6 x 10 10 cm 
and (b) 5.6 x 10 10 cm -2 . Vertical arrows shows the peaks assigned to the SF modes (SF - and SF + ) 
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FIG. 6: Evaluations of the energies of the large wavevector 
limits of the spin wave at Ez + E^, of the CM mode at Aoo 
and of the spin flip (SF) modes as function of density for 
v = 2/5 and 6 = 30°. The inset shows the lowest CF levels. 
Fully populated levels are depicted as full lines. Empty levels 
are shown as dotted lines. 

state with v = 1/3 is approached. The results at v > 1/3 
in Fig. OJa) enable determinations of E^ with Eq. [21 
We find a square root dependence on perpendicular field 
given by E n ^ 0.054E C at both densities. 

The values of A^, E^ and Ez determined at v = 1/3 
are employed to estimate the density dependence of the 
low-lying spin and charge excitations at v = 1/3 and 
v = 2/5. The linear dependence of Aqo and E'* on 
E c translates into a square root dependence on density. 
For each value of density we assume that the CM energy 



at large wavevector for v = 2/5 is given by the simple 
scaling A oc (2/5) = A^/2. 

Figure H3 displays evaluations of the energies of low- 
lying spin and charge excitations as function of density 
for an angle 9 = 30° at filling factor v — 2/5 (p = 2). 
The figure shows the large wave vector spin wave energy 
Ez + E~\ A OQ (2/5) and the energy of the large wave 
vector spin-flip mode (SF). The values obtained for the 
SF energy are in excellent agreement to the composite 
fermion evaluations by Mandal and Jain at [ill l30| . On 
the other hand our values Aoo(2/5) are lower than those 
inRef. j^. 

One of the intriguing issues to consider further is that 
of the relation between SF modes and the spin polar- 
ization of the 2/5 state. A loss of spin polarization in 
the 2/5 state was reported in transport experiments with 
tunable Zeeman energy and in luminescence determina- 
tions as function of density [361 l37j| . Recently a roton in 
the dispersion of SF excitations was discovered 0, |24| . 
It is conceivable that the loss of polarization is related 
to a roton instability of SF excitations that occurs when 
Ez collapses either at small densities or small g factor. 

Similar evaluations of the density dependence of the 
Aoo, E* z and E^ energies evaluated at v = 1/3 are pre- 
sented in Fig. [7] The finding that A^is relatively close 
to E* z confirms that the bare Zeeman energy plays the 
key role in setting up the hierarchy of the lowest CF lev- 
els and excitations at q — > oo. We recall that A M is 
considered to be the activation energy measured in mag- 
netotransport. The closeness of Aoo and E z , shown Fig. 
{7\ suggest that spin reversal excitations represented by 
E* z could have a non trivial impact on charge transport 
at v — 1/3. 
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FIG. 7: Evaluations at v — 1/3 of large wavevector limit of 
the SW (thick line), spin reversal energy and Aoo (thin line) 
as a function of density. The large wavevector limit of the 
spin wave is calculated at 30° (dashed line) and 0° (solid line). 
The inset shows the lowest CF levels. Fully populated levels 
are shown as full lines. Empty levels are represented as dotted 
lines. 

The results for in Fig. [7|have played a key role in 
the determination of of spin reversal energies |24j . 
can be represented by a cyclotron frequency with CF cy- 
clotron mass mcF that is a function of n 1 / 2 . For the 
two samples of this study we find masses of 0.39m e and 
0.45m e for the densities 5.6 and 7.6 x 10 10 cm -2 respec- 
tively. At n = 1.1 x 10 n cm~ 2 the n 1 / 2 dependence of 
the cyclotron mass yields a value mcF — 0.54m e , that is 
somewhat smaller, but close, than determinations of m c 
from activated magnetotransport 0. 



The results presented in this paper show that light 
scattering experiments offer direct access to key features 
of low-lying excitations in the spin and charge degrees 
of freedom in the FQH regime. Near 2/5 and 1/3 the 
spectra offer evidence of spin-split CF Landau levels of 
charged fermions with spin 1/2. Spin-reversal energies, 
associated with spin waves and spin flip excitations, are 
readily determined from the spectra. Current evaluations 
of spin-reversed quasiparticle excitations are in excellent 
quantitative agreement with our results. The spin rever- 
sal energies, typically about one fifth of that for electrons 
at v = 1 3a, indicate significant residual CF interac- 
tions. These residual interactions could interpret con- 
densed states at filling factors in the range 2/5 > v > 1/3 
with partial population of CF Landau levels [32l l39l l4p| . 

Inelastic light scattering methods at low temperatures 
in the lOOmK range and below have enormous potential 
to probe the impact of fundamental interactions of two 
dimensional electron systems in the FQH regimes. By 
giving unique access to low lying spin reversal excitation 
light scattering experiments can study the spin polariza- 
tion of the liquid states. Determinations of A oc (j/) when 
compared with the corresponding activation energies in 
magnetotransport will enable assessments of mechanisms 
for charge transport. Further studies of low lying modes 
could offer unprecedented insights into quantum phases 
of the low-dimensional electron system. 
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